This work is focused on the characterization of the cyclic response of the 55NiTi polycrystalline material system using a recently formulated, multimechanism-based, modeling framework. It has a number of significant contributions. First, it presents a comprehensive characterization of such a complex material system under broad thermo-mechanical loading conditions in isobaric experiments that cover: (a) the entire relevant stress range from 10 to 300 MPa, and (b) sufficient number of thermal cycles to enable the investigation of the details of the evolution of the cyclic strain-versus-temperature hysteresis loops. Second, the detailed comparisons presented for the model results and the experimental measurements provide the necessary validation of the modeling capabilities of the multimechanism framework. Third, specific plots are given detailing the variations with thermal cycling of the internal variables associated with each of the individual inelastic mechanisms. Fourth, an anatomical discussion details the interplay between the internal mechanisms to describe the material behavior within all the important response characteristic regions, thus providing a convenient means to complement the theoretical concepts in the mathematical approach. Given the comprehensive nature of this model, and its successful experimental validation under a wide range of conditions, it is believed that the model is capable of analyzing 55NiTi actuators. It is also emphasized that the insights provided in this work will carry forth to characterization of other SMA material systems.
Introduction
Shape memory alloys (SMAs) are known to exhibit some fascinating and unique behaviors under certain aspects of thermo-mechanical loading. The reason behind these behaviors is the solid-to-solid (diffusionless) phase transformation 4 Author to whom any correspondence should be addressed.
between the low symmetry martensite phase and the high symmetry austenite phase. This martensitic phase transformation enables these alloys to exhibit thermo-mechanical behaviors which cannot be observed in other conventional materials; pseudoelasticity/superelasticity, pseudoplasticity, as well as one-and two-way shape memory effects (Helm and Haupt 2003 , Huang et al 2013 , Lagoudas et al 2009 , Wada and Liu 2008 . Hence, the utilization of this unique class of material is of great interest for applications such as actuators, sensors, biomedical stents and devices, vibration damping, and countless structural applications.
Most of the applications require the material to undergo large numbers of thermo-mechanical cycles while exhibiting the shape memory effect. Hence, the material often evolves during this thermo-mechanical cycling (known as training), as it transitions from unstable behavior to stable performance characteristics (Jones and Dye 2011, Zaki and Moumni 2007) . However, sufficient information regarding the cyclic behavior of shape memory alloys, from both an experimental as well as a material modeling point of view, is lacking. Thus, it is important to study the evolutionary behavior required to achieve a stable configuration under thermal cycling conditions before the stable/usable performance needed for practical application of shape memory alloys can be achieved. This need has motivated an extensive number of attempts aimed at the modeling of these aspects of the SMA material systems, adopting both the micromechanical as well as the phenomenological points of view. For a sampling of some of these, the reader is referred to Gao et al (2011) , Hamilton et al (2004) , Helm and Haupt (2003) , Huang (1999) , Ikeda (2008) , Lagoudas et al (2006) , Lagoudas et al (2009) , Lim and McDowell (2002) , Matsuzaki and Naito (2004) , Manchiraju et al (2011) , Tanaka et al (1995) , Zaki and Moumni (2007), etc. In the previous work by Saleeb et al (2011) , a general three-dimensional, multimechanism-based modeling strategy that can capture a comprehensive set of experimental observations for the evolutionary response of SMAs under different thermo-mechanical loading conditions was formulated. Furthermore, the feasibility of using this modeling framework to simulate the behavior of the 55NiTi alloy under a very narrow range of bias-stress (i.e., 50-100 MPa), has been demonstrated in Saleeb et al (2013) . Encouraged by these initial results, it is our primary objective here to complete the comprehensive characterization of this material system for a much broader range of bias-stress levels from 10 to 300 MPa under an extended number of thermal cycles in order to validate the capabilities of our modeling framework. Furthermore and more significantly, the vital roles played by the individual inelastic mechanisms involved in the mathematical model are exposed to bridge the gap between the theoretical abstract concepts and the physical energy exchanges occurring in the material during the thermo-mechanical cycling.
Experimental observations
The alloy used in the experiment is 55NiTi (Ni 49.9 Ti 50.1 ), with a fully annealed ingot austenite start temperature (A s ) of 95 ± 5 • C and austenite finish temperature (A f ) of 115 • C, as found from differential scanning calorimetry (Padula et al 2012) . The specimen used in the experiments was fabricated from 10 mm diameter rods of varying lengths in the hot-rolled/hot-drawn and hot-straightened condition.
Definitions for control and response variables in the isobaric thermo-cycle experiments
A typical thermal cycle (i.e. strain-versus-temperature response) in an isobaric experiment is shown in figure 1 . In this test, the specimen is loaded to a certain tensile load to achieve a specified bias-stress level. Subsequently, the bias-stress is held constant and a number of thermal cycles are carried out between two fixed temperatures, i.e. the lower and upper-cycle temperatures (LCT and UCT).
Here and in the remainder of the paper, the following notations will be used for convenience. The stress and strain measures are denoted by symbols σ and ε, respectively (calculated as in the expressions given in figure 1 ). As typically denoted in the literature, we define the following set of transformation characteristic temperatures under stress-free conditions; i.e. the martensite start (M s ), martensite finish (M f ), austenite start (A s ) and austenite finish (A f ). Furthermore, we utilize ε M and ε A to denote the measured strain values specific to the two extremes of the temperature range; i.e. the lower-cycle temperature (LCT, martensiteside) and upper-cycle temperature (UCT, austenite-side), respectively. Also, ε ACT represents the actuation strain calculated as the difference between ε M and the succeeding ε A for a particular heating branch during any of the thermal cycles. Similarly, ε OLS represents the open-loop strain at the LCT (martensite-side), which is mathematically defined as the difference between the two consecutive strain ε M readings; i.e. ε 
Observations under cyclic thermal loading
A specific isobaric test case with constant tensile stress of 150 MPa and 100 thermal cycles is described in figure 2 in detail to demonstrate the evolutionary character of the 55NiTi 
where, κ, µ, and n are material constants and F is the transformation function (see table 2 ) E ijkl is the isotropic fourth-order tensor of elastic moduli (Young's modulus, E and Poisson's ratio ν) material response. Figures 2(a) and (b) (with selected cycles only) show the various stages of the evolution with continued thermal cycles in terms of temperature versus strain response, during which the material progresses from the initial transient response, moves into a more regulated strain evolution, and finally approaches a stabilized state. A summary of this response is made in terms of strain accumulation at the extents (i.e., the martensite (ε M ) and austenite (ε A )) in figure 2(c), in terms of the actuation strain (ε ACT ) with cycles in figure 2(d), and open-loop (ε OLS ) strain in figure 2(e). As seen in these figures, there is a significant change in strain ε M and ε A due to the transient that occurs during the first thermal cycle. Subsequent to this transient behavior, the magnitude of open-loop strain is diminished but remains significant (cycles 2-20) in comparison to cycles in the intermediate range of evolution (cycles 20-50). Finally, as evident in the test measurements depicted in figures 2(a), (c), (e), the strain evolution continues with an ever diminishing rate, signaling an approach to a saturated state toward the end of test (cycles 50-100) and exhibiting a nearly constant actuation strain (ε ACT ) as shown in figure 2(d).
Brief review of 3D multimechanism-based, viscoelastoplastic SMA model
In this section, a brief outline is given for the essential aspects of the multimechanism SMA material model. For more details, the reader is referred to Saleeb et al (2011 Saleeb et al ( , 2013 . The starting point in the model formulation is the use of the two potential functions representing the energy storage and dissipation; i.e.,
, and
, respectively, where the subscripts R and IR indicate reversible (elastic) and irreversible (inelastic) components; see table 1 (basic equations). Each of these energy functions depend on the stress tensor and a set of six internal mechanisms or state tensorial variables (signified by the superscript b, i.e., b = 1-6). With specific forms selected for the above potential functions, all the governing evolutionary (rate) equations for the inelastic strains and internal variables in the individual mechanisms can then be derived; see the summary of the resulting final equations given in table 2 (transformations and hardening functions). Note that in the present applications to the 55NiTi material system, the six internal mechanisms are devoted in the following manner to organize the partitioning of the energy storage\dissipation during thermal cycles. The first three mechanisms (b = 1-3) are for energy storage and the remaining three mechanisms (b = 4-6) are utilized for energy dissipation.
The individual roles played by each of the nonlinear hardening mechanisms that achieve the characterized response can best be demonstrated in connection with the typical evolutionary strain-versus-temperature response curve in figure 2(a) for an isobaric test performed at the constant stress of 150 MPa.
(1) The first and second mechanisms (b = 1 and 2) account for the amount of stored energy for transformation in superthermal effects, e.g., to regulate the evolution of strains on the martensite-side, ε M , during thermal cycling from ε (2) The third mechanism (b = 3) provides for an everevolving (increasing) hardening function (as a novel extension of Saleeb et al (2001) and Saleeb and Arnold (2004) ), that naturally leads to a limiting internal force demarking the extent of strain evolution during thermal cycling. (3) The fourth mechanism (b = 4) is varied with respect to the temperature to provide the pseudoplasticity/pseudoelasticity at different temperatures. (4) The additional hardening mechanisms (b = 5 and 6) are reserved to regulate and control the evolutionary character of SMA deformation response under cyclic thermo-mechanical load effects. This is manifested in the changes in the martensite strains, ε M , during thermal cycling from ε
(1)
in the isobaric test of figure 2(a). 
where,
where θ and θ (b) are Lode's angle calculated from the invariants of the stress σ ij and the internal stress of bth mechanism, α The final forms in tables 1 and 2 require the determination of the numerical values of thirty-seven specific material parameters. Out of these 37 material parameters in the general model, fourteen (c, d in the transformation function, and c (b) , d (b) for each of b = 1, 2, . . . , 6) can be used for characterizing the evolutions under different loading modes, such as tension, compression, or shear (also known as tension/compression asymmetry). However, these are not activated here, since only tensile test data are available for the present 55NiTi material. In addition, the elastic modulus, E, and Poisson's ratio, υ are trivially estimated from typical data in the literature (see table 3). As per our initial work in Saleeb et al (2013) , we continue to assume weak rate-dependence of the response, hence justifying the use of a 'large' value for 'n' and a relatively 'small' value for 'µ' (see table 3 ). Consequently, one is left with a total of only twenty-one material constants that are actually needed in the characterization. This is described in section 4.
Model characterization and comparisons with experimental results

Model characterization
As emphasized in our previous work (Saleeb et al 2013) , 55NiTi is known to be a high evolver and notorious for the stress state-dependence of its thermo-mechanical response. To account for both stress-and temperature-dependence, only seven key threshold values (κ in the transformation function, and κ (b) for mechanisms b = 1-6 in the evolution equations of the internal state variables) are utilized. More specifically, we have assumed a multiplicatively decoupled form for the temperature-and stress state-dependence; i.e. κ = κ (r) (T) · η(σ e ) and κ (b) = κ (r) (b) (T) · η (b) (σ e ), where T is the temperature and σ e is the multi-axial stress intensity defined as σ e = 3 σ ij M ijkl σ kl /2, and where κ (r) and κ (r) (b) are reference thresholds (all in stress units) that are functions of temperature only, and η (or η (b) ) is a non-dimensional factor that is dependent on the stress intensity only.
Following the steps of the initial characterization procedure employed in Saleeb et al (2013) , the final numerical values for the twenty-one material constants together with temperature/stress-dependence of the reference thresholds were obtained. In particular, this includes H (b) , β (b) the three important characteristic strain values; ε M , ε A , and ε ACT , as well their evolution during thermal cycles (e.g., see figures 3(c) and (d); 4(c) and (d); 5(c) and (d); and 6(c) and (d); clearly demonstrating the very good agreement obtained between test measurements and model counterparts for these three strain-versus-cycle responses). On the other hand, some compromises were made in the characterization such that only qualitative overall features were captured when considering the details of the strain-temperature hysteresis loops (e.g. compare parts (a) and (b) in figures 3-6).
Comparisons with experimental results
After the completion of the characterization procedure, the SMA model was used to simulate the experimental response of 55NiTi subjected to 100 thermal cycles (88 cycles for 200 MPa) under different bias-stress levels: 10, 150, 200 and 300 MPa. Note that the cases of 50 and 100 MPa were already presented in our previous reference Saleeb et al (2013) . In each of the simulated cases, the virgin material was first loaded at room temperature (23 • C) until a stress equal to each Table 5 . Stress-dependence of the non-dimensional factors η and η (b) . Values are linearly interpolated between shown stress levels. of the aforementioned bias-stress levels was reached, followed by 100 thermal cycles between an LCT of 30 • C and UCT of 165 • C. The evolutionary responses observed experimentally at bias-stress levels of 10, 150, 200, and 300 MPa during thermal cycling are shown in figures 3(a), 4(a), 5(a), and 6(a), and these are compared to the corresponding model predictions in figures 3(b), 4(b), 5(b), and 6(b), respectively. As evident from the figures, the model captured the overall evolutionary nature of strains during the thermal cycling, from both a qualitative and quantitative point of view. For a more in-depth assessment of the strain changes during thermal cycles, the data for comparing the model results and experimental measurement for strains ε M and ε A were extracted for each cycle and plotted in figures 3(c), 4(c), 5(c), and 6(c).
In addition, figures 3(d) and (e); 4(d) and (e); 5(d) and (e); and 6(d) and (e), depict the comparison for ε ACT and ε OLS at the LCT, respectively. These latter figures clearly demonstrate a specific pattern for the strain evolution that occurred for every bias-stress level utilized. In particular, there is a region of significant initial transient during the cooling branch of the first thermal cycle, followed by a gradual evolution with diminishing rates on approaching a 'nearly' stabilized/attraction state (i.e., a limit strain-temperature hysteresis loop). Furthermore, considering the quantitative comparison of the results, one observes excellent agreement between test data and model results for the evolution of strains ε M , ε A , ε ACT and ε OLS with thermal cycles in all the cases considered (see parts (c)-(e) in figures 3-6).
Evolutions of the internal inelastic mechanisms
For further investigation of the role played by each of the individual nonlinear hardening mechanisms in capturing the 'superthermal' evolutionary behavior of the strain-versustemperature response, the internal stress components, α 11 , for mechanisms b = 1-6 are described here for the simulated isobaric test case under a bias-stress of 150 MPa. To this end, the variations in the internal stress component, α 11 (where 1-1 is the applied stress direction), for each of the six internal mechanisms during thermal cycling were plotted for 100 cycles in the stress-temperature domain as shown in figure 7 .
As can be seen in figure 7 , there are significant differences in the pattern of evolution for each mechanism. For example, components α 11 for mechanisms 1 and 2 remain always positive in values, experiencing large transient changes in the first two thermal cycles, but with no significant changes during the remaining heat-cool cycles. Note that the response for these two mechanisms does not exhibit hysteretic behavior (i.e. no open-loops) reflecting the strong energy-storing character for these first two hardening mechanisms (refer to item 1 in section 3 above).
On the other hand, due to a very high threshold value, the corresponding variation in α 11 of mechanism 3 exhibits an ever-increasing character of evolution with marked hysteresis loops and with a gradually reducing rate of evolution in the later thermal cycles ( figure 7(c) ).
In contrast, dissipative mechanisms 4-6 evolve with both positive and negative values during the thermal cycling to regulate the evolutionary strain response (figures 7(d)-(f)). Note the reversal in the direction of the evolution in these three mechanisms as indicated by the arrows in the corresponding figures.
Looking collectively at the response depicted in figure 7 , it is clear that mechanisms 1, 2, 4 and 5 saturated rather quickly after only a few thermal cycles. This rapid attainment of the saturation state for these mechanisms is a reflection of the very high values of their respective H (b) which dictates the speed of their evolution to reach the saturated state defined by the threshold value κ (b) (see table 3 ). In contrast, the small values of H (b) for mechanisms 3 and 6 resulted in a much slower and gradual evolution as depicted in figures 7(c) and (f).
Finally, it is noteworthy that the evolutionary patterns observed for each of the internal mechanisms in figure 7 for the case of the bias-stress of 150 MPa were also obtained at all other stress levels studied here. The only differences were in the magnitudes of internal stress component, α 11 , reached for the different cases.
Comparison of the variation of actuation strain with bias-stress
A detailed comparison of the test results and model predictions was made to determine the effect of the stress state on the actuation strain produced at the end of the relatively large number of thermal cycles (near saturation). The model results and their experimental counterparts for the 80th thermal cycle at stress levels of 10, 50, 100, 150, 200 and 300 MPa (noting that the results for the 50 and 100 MPa cases are taken from the previous work in Saleeb et al 2013) were extracted, and actuation strains were calculated as per the procedure described earlier in section 2.1 (see also figure 1).
The similarity in variation as well as magnitude of the actuation strains at different stress levels can be clearly observed in the model prediction (figures 8(b) and (d)) with respect to the experiments (figures 8(a) and (c)). From these observations, it was found that the actuation strain was maximized at a bias-stress of 100 MPa. These results imply that 100 MPa is the best stress for obtaining optimal actuation performance for the temperature conditions considered herein. However, this may not remain the case under different thermal conditions or different states of loading. Hence, further work is warranted to determine the nature of such changes.
Summary and conclusions
This work is focused on the investigation of the evolutionary aspects of a complex SMA material response under cyclic, thermo-mechanical loading conditions. There are several important contributions here.
An extensive set of test data from recent cyclic experiments on the 55NiTi material has been used, covering virtually the entire relevant stress range. This SMA material is known to be a high evolver, presenting a very difficult challenge to any modeling technique. To our knowledge, the presented results constitute the first comprehensive characterization of this complex SMA material. The presented results show that the calibrated model is successful in capturing a number of key experimentally observed response characteristics. These include significant transient changes occurring upon first heating and the subsequent cooling, and the following gradual strain changes that occur with diminishing rate of evolution (i.e., decreasing magnitudes of the open-loop strains) during the intermediate range of thermal cycles. The model was also able to exhibit the approach to a 'nearly' saturated/attraction state with continued thermal cycling. Finally, and similar to the test measurements, all the strain-temperature hysteretic loops showed significant dependence on the magnitude of the bias stresses.
For the calibration/characterization of this material, the present application utilizes a recently published material model, based on the notion of multiple mechanisms to regulate the partitioning of energy storage and dissipation governing the evolution of the thermo-mechanical response. More specifically, we have elaborated on the specific roles played by the evolution of each individual internal mechanism, and their combined interplay in producing the evolutionary global strain response observed in the experiments. In particular, mechanisms 1, 2, 4 and 5 were found to be very significant in controlling the transient material response, whereas mechanisms 3 and 6 are crucial in capturing the strain evolution with cycles.
The presented results have provided the necessary validation of the multimechanism modeling strategy, which is essential before any serious attempt is made for the large-scale simulation of 55NiTi actuators. To this end, all the experiences and the insights gained from the present study can be directly applied for the characterization of other SMA material systems. 
